Wave plates as important polarization control devices are widely used in the applications of biomedical imaging, fiber optical communication, astronomy, semiconductor industry and aerospace etc. To make the wave plate actively tunable, we propose a rectangular antenna-based metasurface based on the phase-changing material Ge 2 Sb 2 Te 5 (GST) with high transmittance and polarization conversion rate. Before the GST phase transition, the metasurface operates as a quarter-wave plate in the wavelength range of 10.0-11.9 μm. After the GST turning into crystalline state, the metasurface operates as a half-wave plate in the wavelength range of 10.3-10.9 μm. The physical mechanism for the high transmittance efficiency and polarization conversion rate attributes to the combination of the electric dipole and magnetic dipole resonances. Moreover, the adjustable wavelength range can be further extended by changing the geometry of antenna-based GST to selectively enhancing or suppressing the electric and magnetic resonances. This work provides a new strategy for tunable wave plate, which would have the potential in the application of multi-functional integrated optical systems.
Introduction
As a fundamental physical property of electromagnetic waves, polarization plays an important role in optical sensing, photography, and communication etc. A common way to manipulate the polarization states of electromagnetic wave is using the wave plates. Traditional wave plates are formed by birefringent crystal materials, such as mica and calcite. However, such methods suffer from the disadvantages of limited choice of materials, narrow operating frequency band, and bulky size that are not conducive to the miniaturization and integration of optical systems.
Metasurface, an artificial two-dimensional material with the structure size smaller than the operation wavelength, possesses the ability of flexible controlling the phase, amplitude, polarization and frequency, leading to many intriguing electromagnetic phenomena, such as anomalous reflection and refraction [1] , hologram [2] - [4] , directional excitation [5] , [6] and perfect absorption [7] . Recently, plasmonic wave plate, multi-layer stacked wave plate, reflected quarter-wave plate and dielectric wave plate have been proposed by engineering the metasurface to control electromagnetic wave [8] - [19] . For example, Aure´lien Drezet et al. proposed a plasmonic wave plate consisting of an elliptical bull's eye structure [8] . After then, A. Roberts and L. Lin demonstrated a strategy for designing birefringent plasmonic materials composed of periodic arrangements of asymmetric apertures in metallic films [9] . However, these approaches are feasible only for a single wavelength or narrow operation bandwidth. In order to broaden the operating bandwidth, multi-layer stacked structures [10] , [11] and supercell structures containing different elements [12] , [13] were proposed. For example, Longqing Cong et al. designed a quarter-wave plate of sandwiched structure comprising of two-layer of wire-grid metasurfaces and three-layer polyimide dielectric films, which demonstrated high transmission across a broadband from λ = 0.98 to 1.36 THz [11] . Anders Pors et al. proposed a metal-insulator-metal (MIM) reflected quarter-wave plate with the top metal layer consists of a periodic arrangement of nanobricks [14] . Employing gap-surface plasmon resonance realizes a quarter-wave plate with the bandwidth of 160 nm and conversion efficiency of 82%. However, these multilayer schemes involve more complicated design and fabrication process, as well as limited polarization conversion efficiency due to the inherent ohmic loss of metal in infrared and visible spectra. Recently, dielectric metasurfaces with high refractive index resonators have displayed the ability of efficient manipulating the phase and polarization of electromagnetic wave by electric and magnetic dipole responses [15] - [17] . In our previous work, we investigated the dielectric half-wave plate for realizing efficient ultra-wideband and asymmetric photonic spin-orbit interaction based on silicon metasurfaces [18] , [19] . Nevertheless, most of the metal and dielectric metasurface structures have a single function and lack the ability of dynamic control.
Latterly, reconfigurable metasurfaces have attracted constant attention and have been successfully demonstrated by employing PIN diodes [20] , Ge 2 Sb 2 Te 5 (GST) [21] , semiconductors [22] , liquid crystal [23] and vanadium dioxide (VO2) [24] , [25] . These dynamic metasurfaces demonstrate surprising features of adjustable and versatile in deflected beam modulation [21] , multifunctional photonic switching [23] and active quarter-wave plate [24] , [25] . For example, Dacheng Wang et al. used phase transition material VO2 to realize a quarter-wave plate with adjustable wavelength in terahertz region by temperature control [24] , [25] . In our early work, we also demonstrated the metadevices possessing switchable spin-orbit interactions and tunable deflector using phasechange material GST [26] , [27] .
In this work, we design a rectangular antenna-based metasurface based on the phase-change material GST. Before the phase transition, GST behaves as an amorphous state and the metasurface operates as a quarter-wave plate in the wavelength range of 10.0-11.9 μm. After the phase transition to crystalline state, the metasurface operates as a half-wave plate in the wavelength range of 10.3-10.9 μm. At the corresponding operating wavelength range, polarization conversion rate (PCR) remains higher than 99.9%. To extend the adjustable wavelength range, we design another catenary antenna-based metasurface to achieve switchable wave plate in different waveband. Specifically, it can realize a quarter-wave plate at the wavelength of 8.1-9.0 μm in amorphous state of GST, while a half-wave plate is obtained at 9.3-10.7 μm in crystalline state. Such methods offer a new strategy for tunable wave plate, which would have the potential in the application of integrated optical and photonic systems.
Theory and Analysis
Here, we first analyze the phase difference between two orthogonal axes for the quarter-wave plate and half-wave plate. Suppose that the incident linearly polarized light propagates along the +z direction, which can be expressed as:
where k = 2π/λ represents the wave vector, ω is the frequency, I x and I y are the complex amplitudes component along the x-axis (or fast-axis) and y-axis (or slow-axis), respectively. The transmission electric field after passing through the wave plate can be expressed as:
where T x and T y represent the transmissive complex amplitudes along the x-axis and y-axis, respectively. The relationship between the incident field and transmitted field through a half-wave plate or quarter-wave plate can be expressed as:
T yy ] is the Jones matrix. The Jones vectors of linear polarization, right-handedness and left-handedness polarization waves can be described as ( cos θ sin θ ), 1 √ 2 ( 1 −i ) and 1 √ 2 ( 1 i ), respectively, where θ is the angle between the electric component of linear polarization wave and the x-axis. There is no linear polarization conversion effect when the components of incident linearly polarized wave are parallel or vertical to the directions along fast-axis or slow-axis, respectively. In other words, T xy and T yx are equal to 0, thus the Equation 3 can be written as:
When the linearly polarized incident light passes the quarter-wave plate, the transmitted light is left-handed or right-lighted circularly polarized light, and the Equation 4 can be written as:
The phase difference between T xx and T yy is nπ/2, where n denotes an odd number. At the same time, it needs to meet the condition |T xx | cos θ = |T yy | sin θ . Half-wave plate can transform the x-polarized wave into the y-polarized wave or left-handedness circular polarization wave into right-handedness circular polarization wave, or vice versa. According to the Equation 4, the phase difference between T xx and T yy is nπ .
Design and Simulation
We firstly propose a rectangular antenna-based metasurface wave plate which can realize different functions in the same waveband for different phase-transition states of GST as the schematic diagram shown in Fig. 1 . In the amorphous state, the metasurface operates as a quarter-wave plate, which can convert the linearly polarized wave into the circularly polarized wave. After the GST turning into crystalline state, the metasurface is equivalent to a half-wave plate, which can transform the x-polarized wave into the y-polarized wave or convert the circularly polarized light into its opposite helicity. The enlarge view of the unit cell is shown the inset map in Fig. 1 , which is composed of rectangular GST antenna on a barium fluoride (BaF 2 ) substrate. The BaF 2 is chosen as the substrate with a refractive index of 1.4 for its high transmittance in infrared region [28] . The complex dielectric constant of GST is from the fitting experimental data [29] . GST has different high dielectric constants in different phase-transition states, it can help to produce electromagnetic resonance and delay phase. The periodicity of unit cell in x and y directions are P x = 2.7 μm, We use computer simulation technology (CST) Microwave Studio to verify the performance of adjustable wave plate. Fig. 2 (a) indicates the phase difference between x-and y-polarization light in amorphous state of GST, which is between 80°and 100°at the wavelength from 10.0 μm to 11.9 μm. The corresponding transmittances for normal incident x-and y-polarized light are larger than 80% at the wavelength ranging from 10.0 μm to 11.9 μm as shown in Fig. 2(b) . These mean that amorphous state of GST can operate as a quarter-wave plate for the incident linearly polarized light with 45°angle with respect to the direction of x-axis. It should be noted that that the efficiency of converted circularly polarized wave of quarter-wave plate is calculated by the S-parameters of CST software when the incident linearly polarized light is set as input port 1 and the output (transmission) port 2 is set as the circularly polarized light. The transmission S-parameters T 21 and T 11 represent the amplitude of left-handed and right-handed circularly polarized wave, respectively. The efficiency of converted circularly polarized wave T LP−CP is equal to |T 2 21 − T 2 11 | and the efficiency of co-polarized transmission wave T LP−LP is equal to 2|T 11 2 | as a linearly polarized light can be decomposed into left-handed and right-handed circularly polarized light with equivalent amplitude. The efficiency of converted circularly polarized wave (T LP−CP ), co-polarized light (T LP−LP ) and the polarization conversion rate (PCR), defined as PCR = T LP−CP /(T LP−LP + T LP−CP ), are plotted in Fig. 2(c) , respectively. The transmittance of polarization conversion light and the PCR remain above 85% and 99.9% at the wide band wavelength from 10.0 to 11.9 μm, respectively, which suggest that the quarter-wave plate possesses good optical performance. The yellow-colored areas in Fig. 2 are used to illustrate the operation bandwidth.
When the GST is transformed to crystalline state, the phase difference between x-and ypolarization light is shown in Fig. 2(d) . As it can be seen, the phase difference is between 170°a nd 190°in the wavelength from 10.3 to 10.9 μm, meanwhile the transmittances for normal incident x-and y-polarized light are larger than 70% as shown in Fig. 2(e) . It means that the metasurface in crystalline state can act as a half-wave plate for the incident linearly polarized light along the direction of x-axis. We also plotted the efficiency of converted linearly polarized wave (T X P−Y P ), the co-polarized light (T X P−X P ) and the polarization conversion rate (PCR), defined as PCR = T X P−Y P /(T X P−Y P + T X P−X P ), are shown in Fig. 2(f) , respectively. In the wavelength range of 10.3 -10.9 μm, the x-polarized light is almost completely converted into y-polarized light and the polarization conversion rate remains above 99.9%. It should be noted that the results in Fig. 2 are determined by the metasurface structure, not the thickness of lossless substrate. The proposed tunable wave plate with broadband operation bandwidth is different from the previous work that is a quarter-wave plate with adjustable wavelength using phase transition material VO 2 [24] , [25] .
High-index dielectric resonators provide the possibility to efficiently manipulate electromagnetic wave with low absorption losses, which are supported by both magnetic and electric resonances. To further explore the working mechanism of rectangular antenna-based metasurface wave plate, the electric field and magnetic field distributions (vectors) of a 2 by 2 structures in x and y directions are simulated to analyze the resonance modes and their interactions. As the working bandwidth of the quarter-wave plate and the half-wave plate are overlapping each other, we can choose a typical wavelength to analyze the electric field and magnetic field distributions. Fig. 3 shows electric field and magnetic field distributions of rectangular GST antenna in amorphous and crystalline states at the wavelength of 10.6 μm, because at which wavelength the phase difference between xand y-polarization light for the amorphous and crystalline state are 93.8°and 180°, respectively. For the amorphous state of GST metasurface, there is magnetic resonance inside the antenna and electrical resonance in the gap between the adjacent antennas for the x-polarization light as demonstrated in Fig. 3 (a)-3(d). The electric field with displacement current loops are formed inside GST post in the xz plane (y = 0 μm, the middle section inside the rectangular antenna) as illustrated in Fig. 3(a) , which induces magnetic dipole resonance, oriented perpendicular to the electric field polarization as shown in Fig. 3(b) . The reason is that rectangular antenna with relative high permittivity and certain thickness could provide significant retardation of the driving field, as the electric field should undergo a significant phase shift to match the opposing electric field orientation in the top and bottom part of displacement current loops [16] . The electric dipole resonance is excited in the gap between two rectangular antennas as shown in Fig. 3 (a) and 3(c), and the magnetic current loop can be seen in the yz plane (x = 1.35 μm, the gap between two rectangular antennas) as shown in Fig. 3(d) . For the y-polarization light illumination, there is electric resonance in the gap between the adjacent antenna and magnetic resonance inside the antenna as shown in Fig. 3(e)-(h) . The magnetic field with displacement current loops are formed in the xz plane (y = 0.65 μm, the gap between two rectangular antennas) as shown in Fig. 3(f) , which induces electric dipole resonance in Fig. 3(e) . The magnetic dipole resonance is formed inside GST antenna in yz plane (x = 0 μm, the middle section inside the rectangular antenna) as illustrated in Fig. 3(h) , and the electric current loop in the yz plane (x = 0 μm, the middle section inside the rectangular antenna) as shown in Fig. 3(g) , but the resonance intensity is weaker than that for x-polarization due to the different size of rectangular antenna in x-and y-directions. So by changing the geometry of GST antenna, the electric dipole and magnetic dipole resonances can be selectively enhanced or suppressed.
For the crystalline state of GST metasurface, the electric field and magnetic field distributions (vectors) for the x-and y-polarization illuminations are shown in Fig. 3 (i)-3(p), which is similar to the amorphous state of GST metasurface. The difference of electric field intensity between the crystalline and amorphous is little for x-polarization incident light, but the magnetic field intensity in crystalline state is nearly twice as strong as that of amorphous state, which suggests that the difference of magnetic field intensity for x-polarization incident light is mainly reason leading to the quarter-wave and half-wave plate. This point can be confirmed that the phase varying with wavelength as shown in Fig. 2(a) and 2(d) , as the phase difference is mainly caused by the xpolarization illumination, and the transmission phase φ YY in crystalline is almost same with that of φ YY in amorphous.
In order to explore the robustness to variations in incidence angle, we have plotted the phase difference, polarization conversion efficiency and PCR with different incident angle as shown in Fig. 4 . For the amorphous state and crystalline state, the wavelength positions of 90°and 180°phase difference gradually shift red with increasing the incident angle as shown in Fig. 4(a) and 4(d) , respectively. The efficiency of polarization conversion in amorphous state is almost unchanged at the wide band wavelength from 10.0 to 11.9 μm up to 50°incident angle as shown in Fig. 4(b) . The polarization conversion efficiency of half-wave plate decreases slightly with increasing angle at the wide band wavelength from 10.3 to 10.9 μm, but the efficiency is larger than 70% for the 50°incident angle as illustrate in Fig. 4(e) . The changing trend of PCR with angle is similar to that of polarization conversion efficiency for both in amorphous state and crystalline state as shown in 4(c) and 4(f) and the PCR is larger than 90% for the 50°incident angle. The results of mentioned above demonstrate the tunable wave plate possessing the angular insensitivity in the range of 50°i ncident angle.
On the basis of the resonances mechanism of electric dipole and magnetic dipole, we have demonstrated the switchable quarter-wave plate and half-wave plate by the rectangular antennabased metasurface in overlapping working bands. To further expand the function of dynamic control in different frequency bands, we design another controllable wave plate based on catenary antenna-based GST metasurface. As we all know, the catenary refers the curve that a free-hanging chain assumes under its own weight, and this principle is widely used in suspension bridges, double arch bridges and overhead cables for its good mechanical properties. Recently, it is found that catenary structures and catenary optical fields have many intriguing properties in electromagnetic, such as generation of perfect optical angular momentum [30] , broadband spin Hall Effect [31] , flat optical lenses [32] , other optics devices [33] , [34] . Inspired by the catenary optics for realizing efficient manipulation of electromagnetic waves in terms of both amplitude and phase, we propose a catenary antenna-based metasurface wave plate based on GST as the schematic shown in Fig. 5 .
The enlarge view of the unit cell is shown the inset map in Fig. 5 , which is composed of BaF 2 substrate and catenary GST antenna. The periodicity in x and y directions are P x = 2.7 μm and P y = 1.4 μm. The other parameters of catenary are w = 0.32 μm, l = 2.54 μm, n = 0.53 μm, h = 3.5 μm and the function of catenary is y = a · cosh(x/a), here a = 0.87. The performances of catenary antenna-based metasurface wave plate are plotted in Fig. 6 . The phase difference between the x-and y-polarization light in amorphous state GST is between 80°and 100°at the wavelength from 8.1 to 9.0 μm as shown in Fig. 6(a) . In this wavelength range, the transmittances for normal incident x-and y-polarized light are larger than 80% as plotted in Fig. 6(b) . It indicates that the catenary metasurface in amorphous state can operate as a quarter-wave plate when the angle between polarization direction of incident linearly polarized light and the direction of x-axis is 45°. The efficiency of converted circularly polarized wave (T LP−CP ), co-polarized light (T LP−LP ) and the polarization conversion rate (PCR) are given in Fig. 6(c) , respectively. The cross-polarized light transmittance and the PCR are over 85% and 99.9% in the wavelength range of 8.1-9.0 μm, respectively.
For the crystalline state catenary GST, the phase difference between x-and y-polarization light in the wavelength range of 9.3 to 10.7 μm is between 170°and 190°as shown in Fig. 6(d) , and the transmittances for the incident x-and y-polarized light are larger than 55% as shown in Fig. 6(e) . In crystalline state, the metasurface is equivalent to a half-wave plate, which can transform the x-polarized wave into the y-polarized wave. We also plotted the efficiency of the polarization conversion (T X P−Y P ), the co-polarization light (T X P−X P ) and the polarization conversion rate (PCR) are respectively shown in Fig. 6(f) . The PCR is over 99.9% in the wavelength range of 9.3 to 10.7 μm, which suggests the x-polarized light is almost completely converted into y-polarized light. It can be seen that quarter-wave plate and half-wave plate can work in different bands, which attribute to the combination of the electric dipole and magnetic dipole resonances before and after the phase transition. The physical mechanism is in similar with rectangular GST antenna, the resonances of electric dipole and magnetic dipole can be selectively enhanced or suppressed for the x-and y-polarization illumination by tuning the geometry of catenary GST antenna. The proposed metasurface would be fabricated by electron beam lithography (EBL) and reactive ion etching (RIE) in CHF3 gas condition [35] . The phase conversion of proposed GST metasurface is suitable for heating method in vacuum condition [36] . The relative permittivities of GST in amorphous and crystalline states are 15.89 and 33.54, respectively [29] . It is worth mentioning that the better optimized results with a low computation cost can be achieved by artificial intelligence [37] - [41] . For example, the more recent emerging state-of-the-art physics-driven method is based on deep learning to find the degree of feasibility for having the desired response from a class of tunable nanostructures using phase-change materials [38] .
Conclusion
In summary, we have proposed the switchable metasurface wave plate based on the rectangular antenna GST phase-change material. Before the phase transition, the metasurface operates as a quarter-wave plate in the wavelength range of 10.0-11.9 μm. After the phase transition to crystalline state, the metasurface operates as a half-wave plate in the wavelength range of 10.3-10.9 μm. Moreover, at the corresponding operating wavelength range, the metasurface possesses high transmittance and polarization conversion rate over 99.9% due to the combination of the electric dipole and magnetic dipole resonances. Furthermore, the operation wavelength range can be further extended by tuning the geometry of antenna-based GST to selectively enhancing or suppressing the electric and magnetic resonances. This work provides a new strategy for tunable wave plate, which would have the potential in the application of multi-functional integrated optical systems.
